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CONFIDENTIAL 

PRELIMINARY INVESTIGATION OF LOAD 

DISTRIBUTION IN THREADED CONNECTIONS 

In accordance with a proposal submitted to Watertown Arsenal on 
November 12, 3.951, an investigation of threaded connections was initiated 
at Purdue University- The theoretical solution of this problem was first 
obtained by D. G, Sopwith in 1948 (1)*. Additional work to include the 
effect of a tapered connection for improving the load distribution be- 
tween nut and bolt was published by £.. E. Stoeckloy and H° J° Macke in 
1951 (2). The staff of Watertown Arsenal laboratory recognized that a 
need existed to extend the theory to include various possible types of 
nut and bolt combinations used particularly in ordnance components and 
to check the theory experimentally. Three-dimensional photoelasticity 
was practically the only experimental means available to make this check. 
Although tne general method is well established, special techniques had 
to be developed for this particular problem. 

PURPOSE 

This investigation was undertaken to review the existing theory on 
threaded connections, to extend it, where possible, to include more 
specific cases, particularly these used in ordnance components, and 
finally, to check experimentally the theory, using photoelastic models 
of threaded connections. 

SUMMAriY 

Theoretical Analysis 

In the preliminary stages of this investigation, the papers of 
Sopwith and Stceckley were reviewed and checked thoroughly.  Some points 
noted in this review were submitted to Watertown Arsenal in Technical 
Memorandum P-15j early in 1952. It was found that the theoretical anal- 
ysis could be extended to include many of the problems involving thread- 
ed connections not now discussed in the literature. The analytic results 
of this study are summarized and the solutions of each independent per- 
mutation of the non-tapered connection problem have been included.  Re- 
sults are nresented in analvt.in And cranhic form: 

Numbers in parenthesis refer to items of the Bibliography, Page 42. 
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Experiments I Analysis 

Photoelastic tests of two configurations of threaded connec- 
tions were completed and analyzed in this investigation; one used a model 
of standard configuration and the other had a tapered bolt pitch diameter 
to improve the distribution of load along the thread helix. The intensity 
nf \nnti  OAT^X*1

! by •fr-^" t'?*th ^£? det^i*2iin-d *
B
~*
,
T^
W

*^gy»t_*^l2y £* *•cnty~nii«c 
points along the thread helix and was compared with the theoretical load 
distribution as shown in Drawings Ho. P-44G-U and P-A41-B, Pages 35 and 
36. The analysis of the models was accomplished using a petrographic 
microscope having the same elements as a conventional polariscope, rfiich 
permitted accurate readings of both fringe orders and stress direction. 
This instrument is described in detail in the Appendix. The results of 
the test indicate that the theoretical load distribution agrees very well 
in overall appearance with the experimental results, but considerable 
local deviations may occur due to inaccuracies in machining. 

THEORETICAL ANALYSIS 

Although the work of Sopwith and Stoeckley has already been pub- 
lished, it is desirable to repeat some portions of their work here and 
to indicate the differences in the analysis for different configurations 
of threaded connections, as discussed in unpublished "Notes on a Screw 
Thread Program", by Applied Mechanics Branch, Watertown Arsenal Labora- 
tory (.3) • Except for those differences, the analysis proceeds in the 
same manner us for the above authors and the same assumptions and approx- 
imations are employed. It consists in determining the relative axial 
displacement between the threads of the contacting members due to (a) de- 
formations in the threads, (b) deformations in the body of the male and 
female members caused by the radial pressure component at the line of 
contact, and (c) radial displacements due to Poisson's Ratio in the bodies 
of the two members. The rate of change of the sum of these relative axial 
displacements is then equated to the algebraic sum of the axial elonga- 
tions of the male and female components in a differential length element. 
This leads to a second order differential equation whose solution yields 
the desired load distribution along the lengt. of the thread helix. 

* 

-2- 
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Notation 

a • thread pitch 

b - depth of fundamental triangle of thread 

b • d (  **r»T*  ownrr.«f v»4 r%    VNAI f „ «/<  —.4-  4.U —-„.l-\    1 

^r • •=— (for non-symmetric bolt and nut threads) 
c 

d - depth of thread 

h » deflection factor for thread 

nb» hn " deflection factors for thread of bolt and nut, respectively 
A 

*1 *  A2 
n    m  number of threads in engagement 

s - distance along thread helix from free face of bolt 

«.. " value of s at bearing face of nut (s-, - TT Dn) 

w r: intensity of loading per unit length of helix 

w - mean value of w - ^- m s^ 
- s 

x • proportion of length from free face of nut - 

D A • mean cross-sectional area of bolt (A • TT 7—) 
4 

A., A » cross-sectional area cf bolt and nut respectively 

B,, B2> Bo • constants in equation for deflection factor h 

. 

• 

- 3 - 
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f 

D2-D, 
D • mean diameter of thread D - -^—5—* 

DQ - diameter of hole in bolt (if any) 

D • root diameter of bolt 

D2 • root diameter of nut 

D, - equivalent outside diameter of nut 

£ • Young * s modulus 

L • length of engagement 

P - total axial load 

P • axial load at x 

T - function of /3 and u in equation for deflection factor h 

/3 -  semi-angle of thread 

M « coefficient of friction between bolt and nut threads 

0r • Polsson's fiatio 

P - friction angle 

% ,o-,&.   " displacements due to bending of threads, radial pressures; 
and Poisson's Ratio effects, respectively 

JT QC  m  coefficients in differential equations 

fi A ,V y  " coefficients in the solutions 

- 4 - 
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In this analysis only threads having a symmetrical triangular profile 
as shown in Figure 1 will be considered. In add-'.tion it is assumed that 
the nut and bolt have the same elastic properties. The analysis can be 
extended to non-symmetrical triangular profiles such as that of the New 
American Standard Unified Screw Thread 
this analysis are considered later. 

,U~~~    4 _ E>4. 

• 

The relative axial separation between the threads due to bending of 
the threads is considered first. The intensity of axial load along the 
thread helix being w, and, including the effect of impending slipping 
toward the tip of the thread, the load at any point may be resolved into 
components as shown in Figure 2. This loading, assumed at mid-depth of 
tne thread, may be resolved into a statically equivalent system of loads 
at the vertex of the fundamental triangular thread plan form, for which 
solutions may be obtained applying the Theory of Elasticity. From these 
solutions the displacement of the contact strip (assumed at mid-dep*h of 
the thread) is obtained and the relative axial displacement between the 
threads determined. This displacement is obviously directly proportional 
to the intensity of loading on the thread helix and is found to have the 
value (l)j 

b,   - 2h I - 2 (1- **) [ix 

where 

B In c - Szi (B * SQ £zi) e  2  3c' 
w 

(l) 

2 /3 - sin 2/9 
2/3 *  sin 2 /3 

. 

1-2 0- 1 - cos 2 /3 
2  2/3 -sin 2/9  (1 -r)  sin 2/3     sin 2/3 - 2 /3 cos 2/3 

2T 
3  sin 2/3 -2/3 cos 2 /3 

1 • cos 2/5 +>MSin 2 /3 
'/* 

All configurations of threaded connections considered in this re- 
port experience exactly the same axial displacements due to tooth de- 
forsiatioue.  Hence S,  has the same form in all cases. The same holds 

• 

• & 

5 - 
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FIG. I 

SYMMETRICAL   TRIANGULAR   THREAD 

FIG. 2 

EQUIVALENT   LOAD SYSTEM 

FOR  TRIANGULAR   THREAD 

"TERNAL   THREAD 

PITCH   LINC 

POINT OF CONTACT 

EXTERNAL   THREAD 

otrr.u  i me 

POMT OF CONTACT 

FIG. 3 

UNIFIED AND AMERICAN     INTERNAL AND EXTERNAL 
SCREW  THREAD DESIGN FORMS 
(MAXIMUM METAL CONDITION) 
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true for the axial displacements due to radial pressures in the body of 
the aale and feaals components. From Figure 2 the radial component, of 
force, w tan (/3-p), produces a negative radial displacement of the line 
of contact in the case of the male component and a positive radial dis- 
placement in the case of the female component. The net effect is a 
radial separation of the teeth which in turn causes an axial separation 
or d$«nl««»a»nt; Its value, L,  «lii«h aga.-.n is the same for all con- 
figurations, is given by: 

i,   - (kx * k2) | - (T - 1) 2 (*. • J-) | (2) 

5. Finally the effect of Poisson's Ratio, arising from the axial 
stresses in the male and female components in producing axial displace- 
ment, must be considered. Since this changes between configurations, it 
will be considered in some detail for each configuration. For reference 
purposes, the six independent configurations are placed at the head of 
each of the six lines shown in Figure 4, Page 8. Configurations grouped 
on any xjne line have the same load distribution. 

(a) Nut in Compression, Bolt in Tension 

Taking s as the distance along the thread helix measured from the 
free end of the bolt (as will be done for all configurations) the axial 
force in the bolt is 4 wds tensile and in the nut „£>»ds compression. 
Then the strain in the radial direction due to Poisson's Ratio is for 
the bolt and nut respectively 

f* f> 
TTT and *"«*> ;ds 

A„ E 

This produces radial displacements at the contact strip of: 

Jtl±2. a„H + D <T jm wds D <r 
2 AT E 

and 
2 A5 E 

These must be multiplied by tan /? to convert from radial displacements 
to effective axial separations of the contacting teeth and combined. 
Both produce "relieving" recessions since the teeth tend to become sep- 
arated in both instances. Thus, we find for the net effect of Poisson's 
Ratio (with some manipulation) 

Do-tan/3 
2 E 

fi_ • L.\ f5-,- 
A2'4 

2 <T tan /3 ,A__ 
n D E   KA± 

r 
(3) 

• 
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SOLUTION (b) 

SOLUTION (c) 
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SOLUTION  (e) 
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SOLUTION (f) 

Fig.4     SCHEMATIC  DIAGRAMS OF   INDEPENDENT   PERMUTATIONS 
TOGETHER   WITH   THOSE HAVING   THE   SAME   SOLUTIONS 
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(b)  Nut in Tension, Bolt in Compression 

In this configuration the effect of Poisson's rtatio is exactly re- 
versed for both the male and fsmals components.  It no longer produces a 
"relieving" recession, but instead, the opposite effect. Hence the aign 

r WA gvu • 

c     2 <T tan 

TTDE 
^ (i. • i-) P A2  •. 

wds (4) 

(c)  Nut in Tension, Bolt in Tension 

In this configuration the load in the bolt remains the same as be- 
fore while that in the female component becomes 

J   was 

In addition, we note the effect of the load in the bolt is to produce a 
"relieving" recession while that in the female component produces the 
opposite effect.    Hence the net effect is given by 

or 

f Dr tan/3   \   4 wds _ (P -  Jj**d.s) ~| 

'" 2E         i      h                  A2           J 

i     . 2cUn£ f (A_ + A_}   rds _ PA ] 
3 TT D E     (_    A1      A2   \                A2  J 

(5) 

(d)    Nut in Compression,  Bolt in Compression 

Again the effect of Poisson's iiatio is found to be reversed to 
that found in the orevious section.     Hence 

^   = ijrtanj?  /"PA . (A_ + A_} ^1 
^ TT D £,       j_A2 Ax      A2   J.        J (6) 

• 

• 
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(e) Nut in Shear, Bolt in Tension 

In this configuration the effect of Poisson's Ratio in the outer 
component i3 assumed to be zero. Thus the net effect is given by 

L  - ^^ i. ( wds 3   n D E   A, J0 
(7) 

(f) Nut in Shear, Bolt in Compression 

For this configuration the effect of Poisson's Ratio in the bolt 
is reversed from that of the previous one. 

C . _ 2£Un^ A. fa, 
3    rrDE   A, J (8) 

The axial elongations and contractions of the components are now 
considered. These might be thought of as "actuating" deformations, 
since without their effects, the deformations calculated previously 
would not ccour. These effects will also be treated separately for each 
configuration, since they, too, change depending upon the manner of 
loading. 

(a) Nut in Compression, Bolt in Tension 

With s the distance along the thread helix measured from the free 
end of the bolt, the load in the bolt is: 

r wds 
Consequently, in a length dL measured along the length of the bolt, the 
change in length is: 

dL 4»ds - JL ds JtJL 
k±  E 

ds -*^£ 
n D   A1  E 

• .1 

- 10 - 
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Similarly the change in length for the nut is: 

a ,_ JL wda 
  no 
TT D    A. E 

The difference between the two gives the relative axial movement between 
the threads of the nut and bolt in a differential length of thread helix. 

TT D & 
ds ( 

^1  A2 • 
wde 

(b) Nut in Tension, Bolt in Compression 

The amount by which the threads of the bolt and nut are forced to- 
gether due to the axial load deformations is exactly the same for this 
configuration as for the previous one. 

(c) Nut in Tension* Bolt in Tension 

in this configuration the load in the bolt remains the same, whilt 
that in the nut becomes: 

-f' P - / wds 
•'o 

This force is tension and *he resulting change in length of an element 
of the nut is positive. 

•s 

_L_ ds (L. . -A.wd8 
TT D E      A2   i>2 

) 

The difference between the two, again giving the relative axial move- 
ment between the  threads of the nut and bolt,  is: 

a 
TT   D   E 

ds I   Ax      A,     Jo A,  J 

-   11  - 

t a gggmp—pi— 

u. 
^-••Ijfe,: 

•*$&> 

i.   \i >mm   :  » 

' r 
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(d) Nut in Compression, Bolt in Compression 

For this configuration the relative movement between the threads is 
<a YQ •*+ 1 v    f Ha    O O ma    no    ^**%v»    ••Via    »^-r»*%**^ *N»» *%    >«nMP4 /»«»«i»if ^ «r» 

(e) Nut in Shear, 3olt in Tension 

The axial deformation of the nut is assumed to he zero for this 
configuration. Thus only the deformations of the bolt are considered, 
and the relative movement- between the threads is: 

TT D S 
ds 

A1   o 

(f) Nut in Shear, Bolt in Compression 

The relative movement between the thread is the same for this con- 
figuration as for the one immediately preceding. 

The differential equations for each configuration are now obtained 
by equating the relative axial movement between th8 threads due to axial 
loads, to the differentials of the sums of the relative axial displace- 
ments due to tooth deformations, radial pressure, and Poisson's iiatio, 
and then dividing by 

£ 

(a) Nut in Compression, Bolt in Tension 

TT D A r * i:'/"'•" a l*'VH-<*•*•*.>£ 
2 0"tan/3 /A_  A_x 

TT D  X  A ' w 

1   2 
(9) 

Dividing by (2h * kj_ + k2) and differentiating with respect to s, the 
following second order linear differential equation is obtained. 

d*w 

ds' 

cr tanfi ,A_ + A_v a    /l    + 1_\ 
TT D Ai       ko    dw      TT D  KA^   ' A,/ 

2h * k,   • k2 

2    aw 

ds 2h + k    + k2 

0- (10) 

. 

• 

-; 

- 12 - 

•-y- 

£3 



WAL 730/562-47 

or ^+2y£-tfaw-0, 
da* «s (11) 

t 
m 

where 
2h kl + k2 

If   - AC* tan/3 

For boundary conditions we have 

;D /* wds - P , 

wh«re s, « ir D n 

• total length of thread helix. 

(ii>  ®a.0+2y'v0)«0 

The solution to the above differential equation, subject to the 
boundary conditions (i) and (ii) is found to be: 

P e 

sinh s1 YT^ 
i8i B-g8fffrrr& cosh syp^*- y8inh sfi*z\ 
VT^^a       L J 

(12) 

If now we let: 

P P w    » —-— - £- . 
a     TT D n      s^ 

s/s1 

- 

i 

•1 

• 

- 13 - 
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we obtain 
,    _ 82,

A92U-x) 
(cosh 6-jx - Aeinh e0x) 

where (with some reduction) 

2 L yu • V2 
e2" U D 

i 
* • r 
If- 

r 

«r 

t 

A 
yu • V2 

V - | «T tan /3 

U - ttfuj-^ +   a (°3
2 • D2)(D2 - D,2) 

cfcn/5*/« 
D2 (D 2 _ D 2) 

For the remaining configurations* only the set-up of equations will 
be indicated together with boundary conditions and solutions. 

(b) Nut in Tension, Bolt in Compression 

Differential Equation 

n D    AT       A5   «^ 1        2    as        TT D        A.       A 

or 

*i   *2 

d^ dw 
75-2J Ota w « 0 
ds^ ds 

Boundary Conditions 

(i)    / wds - P (ii)    (Jg)      -2 lf.(0) - o 
8»0 

(14) 

(15) 

« & 

- 14 - 
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Solution    A  (x _ 1} 
w . e2e d 

wm    sinh 92 

(c) Nut in Tension, Bolt in Tension 

Differential Equation 

a (k • L) /wds - L. 
Ax  A2 •£     A2 

« (2h 

(cosh e^x • A sinh 6~x) (16) 

;2h * k, • k,)? + 2£isa^A_ + A_)W (17) 
1   2'ds   n D kx      A2 

or d*w dw l»+2r--aaw-0 
ds* ds 

(18) 

Boundary Conditions 

(i)  / wds - P 

(ii)  (jg)   * 2 Jfw(O) 
ds s«o 

P a 
TT D A2 2h • k • k 

- P sffk 

Solution 

- A 8; -,.32x[" 
*. - JL. 
*JH    sinh 921 

(1 - k) e^w2 jcosh 02x - \ sinh 6^ / • 

k jcosh 92 (1 - x) + A sinh &2  (1 - x)| (19) 

where 
Al + A2 

^ 

- 15 - 
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(d)    Nut in Compression, Bolt in Compression 

Differential Equation 

or 

TT n 

ri 
ii7+ r~' X (f- + f-) J wde - * 

dw 
(2h * kx • kg)  3; - 

2 «" tan/9, A        i, 
-FIT- 

(rx   r2- • 

^-2jr|=-<raw- 0 
ds2 ds 

(20) 

(21) 

Boundary Conditions 

(i)       ^wd» - P 

(ii)     (g) -2JTw(0) 
ds 8.0 

P a 
TT D A2 2h • k,  + k. 

- -P a ak 

Solution 

f 

Ul^i |cosh e2x * A sinhe2x} 

• k J cosh 62 (1 - x) - As inn e2 (1 - x)j 

e^e^^ w_ _ °2 
w
m  sinh ©2 

(e) Nut in Shear, Bolt in Tension 

Differential Equation 

=JU-   Twds -  (2h • k.   * fcj ? * 20^3A    w n u A^ J, v 1        -i'  ds TT D      A, 

ds2 ds 

where   <* 

JL      •      i_ 
TT D A 

2h • k^ • k2 

9     » A o <3C tan- 

(22) 

(23) 

(24) 

• 

16 - 
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Boundary Conditions 

(i)      J   wds - 
o 

(ii)     (g)      • 2 IT w(o) 
s-0 

Solution 
B   Ae2(i-x) 

"a sinh 5^ 
cosh S2x - A sinh 6 x (25) 

I" r. 
r 

where §2 and A   are obtained in the same manner as 60 and   A  with the 
exceptions: 

D„2 - D 2 D2-D2 

(1)    u - taa/j-ju    f
U3    I "o ,   .   D). a ,"~"o v 

£1 
$1 

(2)    If D3 —*. 

U = tan/gy/ + 2h a D2 - D_2 

ctn/SV4      "*" D      D2 

(f) Nut in Sheart  Bolt in Compression 

Differential Equation 

or 

—   /wds - (2h • k    + If ) OH     2 0* tan/9 A 
TT D Ax J 

WaS      Uh      kl      V  di TT D      I[ 

d w      o y dw      =• ,. 
US •»•* 

Boundary Condition 

(i)  ^ wds = P 

(ii)  (S=)  .-2/w(0) 
s-0 

(26) 

(27) 

- 

BDK- 

- 17 - 
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Solution     T - ,,   x 5e-A§2(l-x) 
H_ . _i  
wm     sinh 5„ 

(cosh 6 x + A sinh 5_x) (28) 

The theoretical analysis -.  -is presenter) h*»i»*»; includes all independ- 
ent configurations of threaded connectors having constant cross-sections, 
including those with internal pressure in the male component. The only 
effect of internal pressure is to reduce uniformly the clearance between 
the nut and bolt threads and thus It does not affect the load distribu- 
tion. For reference purposes the configurations having the same load 
distribution are shown in Figure 4. 

f 
':•:• 

9 

fr-.-' 

In order to illustrate the theoretical load distribution for the 
various configurations, the Unified and American internal and external 
screw thread design form (maximum metal condition) was selected. The 
thread forms are shown in Figure 3>*(4) The foregoing analysis applies 
only in cases where the thread forms on the nut and bolt are exactly a- 
like. Thus it can be assumed that the nut and bolt threads deform in 
the same manner and that contact occurs at mid-depth of the fundamental 
triangle. The Unified ntsrior and exterior forms are not alike and the 
analysis must be raodi'xed slightly to include such thread forms. It was 
assumed that the nut and bolt threads became deformed in such a manner 
that contact occurred at a point midnay between crests of mating teeth, 
rather than at mid-depth of the fundamental triangle. Such an assump- 
tion merely modifies the value of "c" for both the nut and bolt threads 
and necessitates calculation of tvfo values of h (h^ and h ).  In the 
equation for "Un, we replace 2h by (hy, + hn). The values for "c" are 
obtained by taking the ratio of the distance from the tip of the funda- 
mental triangle to the bottom of the thread root (measured along the 
flank of the tooth) to the distance to the point of contact between 
teeth measured from the same point and in the same manner. Thus "c" may 
hs defined as:   (See Figure 3) 

For the Unified thread, values were obtained as follows: 

cb - 
40 

For s* .1 

For /" .3 

* See Fag 9 6 

cn "99 ' 

K  - 1.656 h = 1-1S5 • n 

h^ - 1.572 hn - 1.098 . 

1 • 1 
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£ 
v 

For the one-inch diameter coars? thread aeries, the following data 
were used: 

a - .125 D 

D, o 

L - 1 

- .9188 

- 0 )Q » 1.75 (approximate diameter of a 
circle whose area is equal 
to the gross area of a 
_ 2. 1 J  ._..». \ ovanuaiu   uub/ 

Thus for )i   - .1112 

k   - .1291 

e2 - 2.979 

6, - 3.473 

Hence for 

for 

For the fine thread series the following data were used: 

D - .9459      a - .98333 

L - 1 D-0 Do- 1.75 
o J 

/*   - .1 

/* .3 

a 

D-0 
o 
A - .1234 

A - .1478 

"3 
0p - 3*220;, 

92 - 3.884. 

The theoretical load distributions for the various independent con- 
figurations ox" threaded connectors are displayed in Drawings P-478-B 
through P-483-B. In addition, a comparison between configurations may 
be found in Drawing P-484-B. 

I 

i 
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The four slices from each model were analyzed by determining the 
variation of fringe orders and isoclinics along a line tangent to the 

jt base of the threads. The fringe order was a measure of the secondary 
F principal stress difference in a plane containing the axis of the bolt, 
d while the isoclinics gave the direction of one of these secondary prin- 
!» Q'ipqJ stresses in the same plane. Using these data, the shear stress 

component parallel to the axis of the bolt was calculated along the root 
of the threads, using the relation 

3    =    (P " %    sin 26    -    —    sin 26 
s 2 2 t 
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EXPEtOMMTAL ANALYSIS 

Models Tested 

Two photoelastic nut and thread combinations of Fosterite were 
tested at the same time. Figure 5» Page 25, shows photographs of the 
model and the test set-up. Drawing P-371-3 gives the detailed dl.^nslonei 
of the model. The thread profiles were the same for both models, Laving 
a sixty (60) degree included apex angle and 1/32 inch fillet radii, with 
a pitch of one-quarter of an inch. The nuts were exactly the same for 
each model, having a length of two inches, an outside diameter of three 
and one-half inches, and a thread pitch diameter of 1.791 inches. 

The two model8 differed only in their bolt threads. One haa a con- 
stant thread pitch diameter of 1.789 inches while the other had a pitch 
diameter tapered at 0.036 inches per inch. Thus contact between nut and 
bolt threads occurred Initially at the "free end" and progressed along 
the length of the thread helix as load was applied and the threads de- 
formed . 

Test Procedure 

The photoelastic models were heated to 70° C. in an oil bath 
furnace and loaded at that temperature. The load of 46-5 lbs. remained 
on the model as the temperature was reduced to room temperature and the 
stresses "frozen in" the model. Following the stress-freezing cycle, 
four axial slices were cut from the nut and bolt combinations at 90 de- 
grees to one another around the bolt. Care was taken during the slicing 
process to avoid disturbing the photoelastic patterns which were fro?»n 
into the model. 
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Fig. 5 (a)  Detailed View of Screw Thread Model and Loading Jig 

• 

. - 

Fig. 5 (b)      Loading Frame with Model Ready for Testing 
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where 

n - the fringe order at any given point 
f » the material fringe constant of the material 
t - Lho thicicness of the slice 
© - the angle made by one of the principal stresses to 

the axis of the bolt. 

It is easily seen that /SgdA - J Sg  t dy, where the integration is per- 
formed across the base of one tooth, gives a measure of the total force 
carried on the tooth of a particular slice, while 

V Sa  t dy 

is a measure of the intensity of this load along the thread helix. The 
preceding load intensity was divided by the average load intensity 

n TT D 

to reduce it to a non-dimensional form and then plotted versus propor- 
tion of length of thread helix. 
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EXPERIMENTAL RESULTS 

Photoelastic fringe photographs of slices from the two models are 
shown in Figures 6 and 7, Pages 29 and 30. It will be observed that s 
relatively high fringe (proportional to the maximum shear stress) occurs 
near the root of the thread in every case. Close examination reveals 
that this high shear stress occurs a finite distance beneath the root of 
the thread and not at. t.h« syrfece of the thrs-d rcct.  (Ss« Figure 3, 
Page 31J* In fact the tangential stress at a point near the bottom of 
the root fillet is zero in every case except at the end thread. The 
gradient of stress in every direction away from that point is, however, 
very high, and reaches its maximum in a direction toward the point of 
maximum fringe order mentioned above. 

... 

It was first believed that the maximum shear stress mentioned in 
the previous paragraph would be a suitable indication of the load carried 
on any tooth profile. That this is not true becomes apparent inBifsdiateiy 
if we consider that it is sensitive to the point of application of load 
on the tooth profile. In that case it would not be a suitable indicator 
for the tapered thread model, sines in the latter case the point of ap- 
plication of luad quite obviously varied from one tooth to the next. In 
addition, the high value of shear stress arises due to the interaction of 
stresses from the two adjacent threads. Thus it is not a direct measure 
of the load carried on either of the two adjacent threads* 

For the above reasons it was necessary to evaluate the total shear- 
ing force at the base of each thread in order to obtain a measure of the 
total force carried by the thread. This was done by calculating the 
shearing stress on planes tangent to the root of the threads and inte- 
grating numerically. The shearing stress was calculated from readings 
of the fringe (proportional to the ma.-.cimum shear) and the stress direc- 
tion.  Some difficulty was experienced in getting accurate values of 
both. 

The preceding readings were taken at approximately 25 points along 
the base of each thread using a petrographic microscope, modified for 
photoelastic use, which permitted accurate readings of fringe order and 
stress directions (isoclinics).  (See Appendix A for description of the 
petrographic microscope^. 
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Fig. 8    Photoelastic Pattern at tne Thread Root as Obtained 
Using the Petrographic Microscope 

(See Root A in Fig. 6 a) 
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% 

A typical distribution of shear stress along the base of the 
threads is shown in Drawing No. P-438-C. This corresponds to the data 
taken from one radial slice of the threads and therefore shows the 
stresses for threads 180° apart on the thread helix. The area under the 
curve of shear stress is a measure of the total shearing force carried 
by each tooth of the thread. The high vaiues of shear stress are of 
interest and indicate the influence of the stress raisers near the roots 
of the threads. In Drawing P-439-C similar results are shown for the 
model with tapered bolt diameter. 

The experimental results a'-s shown in graphical form in Drawings 
No. P-440-B and P-441-B. In addition the theoretical distribution of 
load along the thread helix is shown for two values cf the coefficient 
of friction, which was not known precisely. Upon comparing the experi- 
mental points with the theoretical curves, it will be observed that the 
experimental results agree quite well with theory. Some discrepancies 
do exist., and probably arise due to the model b?ing inaccurately machined. 
It is obvious that very slight errors in machining, particularly in the 
pitch and diameter of the threads, would lead to quite high localized 
effects. 

The experimental results serve to emphasize the fait that in the 
preceding analysis for load di stribution the shear stress across the base 
of the tooth plays an important role. It remains to be determined if a 
similar analysis can be introduced which will lead to a simple and ac- 
curate evaluation of the maximum normal stress in the threads. Once such 
a procedure is established, the design of threaded connections will be- 
come a straight forward process- 

m 
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CONFIDENTIAL 

CONCLUSIONS 

1. The theoretical results of Sopwith and Stoeckiey and Macke can be 
extended to include different combinations of nut and bolt configura- 
tions- The analytic results of this study have been summarized for each 
independent permutation of loading for nuts and bolts of constant cross- 
section. Further theoretical work can be directed toward the problem of 
non-uniform cross-sections of nuts and/or bolts, including the effect of 
internal pressure when confined by non-uniform cross-sections. 

2. It can be seen from the Drawings, Pages 20 to 22, that a change of 
the coefficient of friction from 0.1 to .3 does not greatly change the 
load distribution. As observed by Sopwith, however, improved lubrica- 
tion tends to improve th6 load distributions. 

5 

In addition it also may be observed that, maintaining all other 
factors constant, decreasing the number of threads in engagement has 
a beneficial effect on the load distribution. 

V 

3.  In the case of the models tested, the experimental results agreo 
quite favorably with the theoretical. It would appear, therefore, that 
the theoretical analysis leads to a load distribution which is accurate; 
the deviations occurring seem to be due to local inaccuracies in machin- 
ing. 

2;: 

Respectfully submitted, 

i (2MJd/jA 
Robert. M. Gray T 

. 

»J 

I* 

July 1, 1954 

APPROVED: 

&£jf. 
Paul F.  Chenea 

ETo.  Stiti 2? 
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APPENDIX A 

THE PETHOGiiAPHIC MICROSCOPE 

The polarizing microscope, shown in Figure 9, was purchased to per- 
mit the more accurate evaluation of photoelastic data. Included in the 
microscope are all the necessary polariscope elements such as the polar- 
izer, analyzer, and quarter wave plates. These are each shown in their 
operative positions in Figure 10. Provision wis made to remove the two 
quarter wave plates from the field to form a crossed plane polariscope 
and thus to permit the determination of isoclinics or stress directions. 
In addition, the analyzer is rotatabis through ninety degrees and, with 
the crossed circular arrangement of the elements, partial fringe orders 
may easily be determined using the Tardy method. 

Two light sources are available for use with the microscope. One 
is a standard whits light source for use in determining stress direc- 
tions, and the second is a mercury vapor lamp matched to the quarter 
wave plates for determining fringe orders. In addition, a photomicrc— 
graphic camera may be employed for photographing the fringe patterns. 
(See Figure 9)  A calibrated mechanical stage, attached to the rotating 
stage of the microscope, and having two degrees of translation at right 
angles to one another, permits translatory movement of the model. 

During operation, the model (generally a slics from a three-dimen- 
sional model with frozen-in stresses) is placed in a small oil bath hav- 
ing a glass bottom, which in turn is mounted upon the mechanical stags. 
The oil bath minimizes the diffusion of light at the unpolished sur- 
faces of tae slice, and both isoclinics and fringes are more clearly 
defined as a result. Once the model has been aligned in the oil bath, 
the location of specific points in the model is easily accomplished 
using the stage micrometer. 

The chief advantages cf the polarizing microscope over a conven- 
tional polariscope are the finer definition of both fringes and iso- 
clinics. While the image of the model is magnified, the fringes and 
isoclinics appear as very narrow bands under the polarizing microscope. 
Thus it is less difficult to interpolate to the exact center of the 
isoclinic bands and fringes. Jn the author's opinion, the isoclin.ic 
parameters can be obtained accurately to 0.1 degree while the partial 
fringes may be read to within 0.01 fringes, particularly in regions of 
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Figure 9 

Petrograpbic Microscope Shown tfith Camera and 54oLA° 

Light Source 
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high gradient of stress. A further advantage lies in the speed with 
which several successive readings can be made. Instead of aligning the 
polariscops to the model, the model is rotated relative to the polari- 
scope and requires fewer manual operations. It is estimated that as 
many as ten readings can be made using the polarizing microscope during 
the time required for one reading using the conventional polariscope. 

The advantages of the polarizing microscope become of greater im- 
portance in view of recent developments in photoelasticity. The trend 
is in the direction of low stressed models and consequent low fringe 
orders to avoid excessive distortion of the model. In such cases the 
fringe orders are lov< and the partial fringes must be accurately eval- 
uated at several points in order to obtain a good extrapolation curve. 
For highlj' stressed models such a procedure is not necessary, sinca the 
fringe orders are generally high enough that several points on an extra- 
polation curve can be obtained using only the integral and half-order 
fringes (black and white background photographs respectively). 
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